We have studied the optical properties of Al 1Ϫx In x N thin films grown on GaN by metal organic vapor phase epitaxy. X-ray diffraction analysis of and -2 scans showed that both the compositional fluctuation and the degree of crystalline mosaicity increase with increasing x. While the energy positions of both the absorption edge and photoluminescence peak shift to a lower-energy region with increasing x, the linewidth of the photoluminescence spectra and the value of the absorption edge tail decrease. The Stokes shift also decreases with increasing x, following which both energy positions become 1.66 eV, which is smaller than the band gap of InN ͑1.9 eV͒. These anomalous features of the optical properties of Al 1Ϫx In x N might be affected by the absorption in the infrared region caused by the high electron concentration.
͑Received 12 July 1999; accepted for publication 15 December 1999͒ We have studied the optical properties of Al 1Ϫx In x N thin films grown on GaN by metal organic vapor phase epitaxy. X-ray diffraction analysis of and -2 scans showed that both the compositional fluctuation and the degree of crystalline mosaicity increase with increasing x. While the energy positions of both the absorption edge and photoluminescence peak shift to a lower-energy region with increasing x, the linewidth of the photoluminescence spectra and the value of the absorption edge tail decrease. The Stokes shift also decreases with increasing x, following which both energy positions become 1.66 eV, which is smaller than the band gap of InN ͑1.9 eV͒. These anomalous features of the optical properties of Al 1Ϫx In x N might be affected by the absorption in the infrared region caused by the high electron concentration. © 2000 American Institute of Physics. ͓S0003-6951͑00͒02507-9͔
Despite the intensive study of Ga 1Ϫy In y N and Al 1Ϫz Ga z N for optical device applications such as lightemitting diodes ͑LEDs͒ and laser diodes ͑LDs͒,
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Al 1Ϫx In x N has rarely been investigated, particularly in terms of the relationship between its crystalline and optical properties. [6] [7] [8] This is mainly because of the difficulty experienced in the growth of high-quality Al 1Ϫx In x N. The possible applications of Al 1Ϫx In x N include its use as a cladding layer which is lattice matched to GaN or as an active layer for LEDs and LDs emitting in the ultraviolet ͑UV͒ to infrared ͑IR͒ region. Al 1Ϫx In x N is also characterized by its thermodynamical instability. [9] [10] [11] Recently, we reported the observation of photoluminescence ͑PL͒ from Al 1Ϫx In x N at room temperature. This was possible by obtaining high-quality Al 1Ϫx In x N through the optimization of the growth conditions and by using highquality GaN with a low-temperature-deposited AlN buffer layer as an underlying layer. [12] [13] [14] The Al 1Ϫx In x N films emitted light from the IR to UV region depending on x.
In this study, Al 1Ϫx In x N with a wide composition range (0.14рxр0.58) grown on GaN by metal organic vapor phase epitaxy ͑MOVPE͒ was studied. A c-plane sapphire substrate was used. The growth temperature was 720°C. The thicknesses of the Al 1Ϫx In x N and GaN layer were 1.0 and 2.7 m, respectively. Figure 1͑a͒ shows the full width at half maximum ͑FWHM͒ in 2 obtained from an Ϫ2 scan of the ͑0002͒ x-ray diffraction ͑XRD͒ peak ͑denoted by ⌬2 c ), and Fig.  1͑b͒ shows the FWHM in obtained from an scan of the ͑0002͒ peak ͑Y axis, denoted by ⌬ c ) and an scan of the ͑10-10͒ peak (R-axis, denoted by ⌬ a ). The FWHM of 2 indicates the degree of distribution of the lattice constant c, namely, the fluctuation of the alloy composition x in Al 1Ϫx In x N. ⌬w c and ⌬w a indicate the degree of tilting and twisting components of the crystalline mosaicity, respectively.
If we consider that the fluctuation in the lattice constant c in alloys is directly related to the compositional fluctuation and that grain boundaries causes the translational symmetry of carriers to break, the resulting disordered potential in crystals will be reflected in the optical properties. On the other hand, in such situation, carriers ͑or excitons͒ feel random potentials in their volume and transfer to lower-energy regions in their lifetime and are located in the potential minima. The localization process results in the smearing of the absorption edge ͑AE͒ and the broadening of PL spectra. Figure 2 shows absorption spectra as a function of In content. The AE shifts towards a lower photon energy region with increasing In content from xϭ0.14 to 0.58. The AE is defined as the value at the intersection of the dashed line with the X axis, as shown in Fig. 2͑i͒ for xϭ0 .14.
Figures 3 shows the PL spectra as a function of In content. The peak shifts towards the lower photon energy region with increasing x. This tendency is in agreement with that a͒ Electronic mail: syamagu@meijo-u.ac.jp APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 7 observed in the absorption spectra in Fig. 2 . We observed PL in the spectral region from 720 to 450 nm. Figure 4͑a͒ shows the FWHM of the PL peaks in Fig. 3 as a function of In content. The FWHM decreases with increasing In content. This is an anomalous feature in terms of the results from XRD analysis. Judging from the results in Fig. 1͑a͒ , the FWHM should increase with higher In content because of increasing alloy fluctuation. Moreover, the increase in both the tilt and the twist of Al 1Ϫx In x N should lead to the broadening of PL spectra too, because grain boundaries caused by such mosaicity serve to localize the carriers in potential minima. Figure 4͑b͒ shows the tailing portions of the absorption spectra in Fig. 2 . Figure 4͑c͒ shows the values of the AE tail derived from Fig. 4͑b͒ using the expression ␣͑E͒ϰexp͓͑EϪE g ͒/D͔, where ␣(E), E, E g , and D are the absorption coefficient, photon energy, AE, and the degree of AE tailing, respectively. Figure 4͑d͒ shows the PL peak energy and AE energy as a function of In content. The value of the AE tail decreases with increasing x. Such a tail results from the disordered potentials, which are caused by the random distribution of ions comprising the Al 1Ϫx In x N crystal. In this Al 1Ϫx In x N system, such a disordered potential is produced by the compositional fluctuation, where the band gap edge is smeared, leading to the occurrence of tailing in the AE.
On the other hand, for the PL spectra FWHMs shown in Fig. 4͑a͒ , the FWHM tends to decrease with increasing x, although a maximum is observed at xϳ0. 4 . Similarly, for the AE tail shown in Fig. 4͑c͒ , the tendency with respect to x in Fig. 4͑a͒ cannot be explained by the results shown in Figs. 1͑a͒ and 1͑b͒. Furthermore, it is observed in Fig. 4͑d͒ that the energy separation between the AE energy and the PL peak energy ͑the Stokes shift͒ diminishes with an increase in x.
In general, carriers ͑or excitons͒ are localized in disordered potentials, and thus, according to the degree of localization, the Stokes shift becomes more pronounced. Consequently, the data shown in Figs. 1͑a͒ and 1͑b͒ cannot explain the optically obtained data.
It should be noted, however, that the overall tendencies, with respect to x, of the FWHM of the PL spectra, the AE tail, and the Stokes shift are in good agreement with each other and that for xϾ0.4, the AE is situated at the same energy position of the PL emission peak.
In addition, it is noteworthy that the AE is located at 1.66 eV for xϳ0.6, being smaller than the band gap of InN ͑1.9 eV͒. This suggests that Al 1Ϫx In x N with larger In content has some semimetallic features. In fact, Hall measurement revealed that the electron carrier concentration was as high as on the order of 10 20 cm Ϫ3 for xϾ0. 4 . In the case of such a high concentration of electrons, the band gap of Al 1Ϫx In x N can be modified because absorption by plasma oscillation occurs. 15, 16 The oscillation is produced by the coupling of photon with plasma mode caused by electrons ͑plasmon͒. Although, in general, the absorption is observed in the UV region, absorption in the IR region can be observed when the size of grains is smaller, [15] [16] [17] and this size was confirmed by scanning electron microscopy. 12 The above mechanism could be responsible for the large band gap bowing of Al 1Ϫx In x N studied here.
In conclusion, the optical properties of Al 1Ϫx In x N films grown on GaN by MOVPE were studied. XRD analysis revealed that both the compositional fluctuation and the degree of mosaicity increased with increasing x. While the energy positions of both the AE and PL peak shifted to a lowerenergy region with increasing x, the linewidth of the PL spectra and the value of the AE tail decreased. The Stokes shift also decreased with an increase in x, following which, both energy positions became 1.66 eV, which was smaller than the band gap of InN ͑1.9 eV͒.
We would like to conclude by stating that a high concentration of electrons in Al 1Ϫx In x N films may modify the optical properties. 
